Recent seismological researches in India can be broadly classified under a) seismogenesis and seismotectonics of Himalaya, Burmese-arc, Andaman-Nicobar subduction zone, the Stable Continental region, b) study of reservoir triggered seismicity, with specific emphasis on earthquakes in Koyna, c) earthquake precursory studies, d) study of tsunamigenic earthquakes and establishment of Indian Tsunami Early Warning System, e) studies on site response, microzonation, earthquake risk, vulnerability, disaster management and risk, and f) use and developments of new seismological methodologies to study the deeper structure of the Indian shield.
Introduction
Seismology was initially defined as the study of earthquakes and related physical phenomena. However, in recent times it does not restrict solely to the above definition due to its applications in diverse fields (e.g. reactor sitting, earthquake prediction and reduction of hazard, search for new fuel and minerals, understanding the deep interior of the earth, forensic etc). Nevertheless, basically, seismologists seek to understand where, when, how, and why earthquakes occur and how seismic waves propagate in the earth. These seismic waves may be generated either by natural way (e.g. earthquakes, volcanics) or by artificial manner (e.g. explosions). The nature of sources and propagation of waves thus generated are important aspects of seismological research. The scientific study of earthquakes evolved from mankind's desire to understand, and perhaps thereby to mitigate seismic hazards. However, many practical Andaman-Nicobar Island. The 2001 Bhuj earthquake Mw 7.7 in Gujarat state gave birth to the Institute of Seismological Research (ISR) in Gandhinagar, which runs a cluster of about 50 broadband and 50 strongmotion instruments in the state of Gujarat.
Seismic Monitoring -National Network
The seismological studies in India can broadly be divided into two domains e.g. understanding structures and earthquake mechanisms. The real impetus came with the national wide networking program under the umbrella of Nation Centre for Seismology (NCS). The National Center for Seismology (NCS) has been setup by bringing together all Seismology related activities of IMD (including those of EREC-Earthquake Risk Evaluation Centre) under one umbrella. It is maintaining 55 observatories spread over the entire country. It is also responsible for maintaining 16 stations with VSAT connectivity in Delhi and 20 VSAT based stations in Northeast India. Other major agencies such as CSIR-NGRI and universities also generate a large amount of data set in this en-devour. CSIR-NGRI is running 23 surface and 6 borehole broadband seismic stations in Koyna-Warna region to monitor the Reservoir Induced Seismicity (RIS) (Gupta et al., 2017) . These networks are now upgraded to digital telemetry system. In order to carry our seismological studies and monitoring of earthquakes, CSIR-NGRI is operating more than 170 broadband seismological stations as semi-permanent networks in different parts of the country, like in Sikkim Himalaya (e.g. Singh et al., 2010) , Andaman-Nicobar Islands (e.g. Srijayanthi et al., 2012) , Gujarat (e.g. Mandal et al., 2004) , Andhra Pradesh (e.g. Rastogi et al., 1986) and most recently in Dharwar craton in southern India (e.g. Srinagesh et al., 2015) for multipurpose projects, like hydropower, nuclear plant, urbanization etc. In Singhbhum craton, CSIR-NGRI has operated 15 broadband seismological stations for crustal and lithopsheirc studies. Recently, it has launched an important network deploying 40 broadband, 30 strong-motion and 30 GPS in hitherto less studied region of Jammu and Kashmir Himalayas. Another multidisciplinary project was recently being initiated by CSIR-NGRI is in the northwest Himalaya of Garhwal region.
The CSIR-NGRI also runs some 80 educational seismographs under school laboratory program of the Ministry of Earth Sciences (MoES) in Maharashtra state. The NEIST (Jorhat) is operating 27 broadband seismometers equipped with VSAT in northeast India region, while the WIHG is operating permanent as well as semi-permanent networks using 46 broadband instruments in western Himalayas, viz., in Leh-Ladak, (Hazarika et al., 2014) , Garhwal, Kangara-Chamba, Kumaoon and Kinnaur (e.g. Yadav et al., 2016) and in eastern Himalayas in Arunachal Pradesh (Hazarika, D, et al., 2012) . The WIHG also focuses on real time monitoring with 15 VSAT connected broadband stations, earthquake precursor studies using a multiparameter geophysical observatory (MPGO) in Ghuttu, Garhwal Himalaya and seismic-hazard microzonation for urban development. The GSI (Kolkata) is running 10 VSAT connected permanent broadband stations for the national network. The GSI is also involved in active fault mapping, aftershock investigation and seismic-hazard microzonation using 50 broadband instruments in different parts of the country (Kayal, 2008) . Further, several Institutes and Universities as mentioned above are running several permanent broadband seismic stations for the national network in addition to different MoES research projects for special investigations (like Hydropower projects, microzonation studies etc.) using campaign mode or semi-permanent networks.
Earthquake Studies

Seismic Zoning Map of India
The Indian subcontinent has experienced several devastating earthquakes in the past. The major reason of seismic activity is due to the continuous motion of Indian plate towards NNE and collision with the Asian plate. In 1935, the GSI first published the seismic zoning map of India (GSI, 1939) and then upgraded (BISBureau of Indian Standards, 1970 Standards, , 2000 . This was a very important step taken towards the hazard scenario of the country. An exercise carried out under Global Seismic Hazard Assessment Program (GSHAP) for seismic hazard map of India ( Fig. 1 ) and adjoining regions (Bhatia et al., 1999) . 86 potential seismic source zones have been classified based on the tectonic features and seismicity trends. Subsequently, it was inducted by the Department of Disaster Managements Authority (DDMA) with major modifications. Based on the intensity experienced, Indian plate has been divided into different Seismic
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Zoning Map (BIS, 2004) viz. VI (M5), VII (M6), VIII (M7) and IX (Me"8). The corresponding peak ground acceleration assigned to zones II, III, IV and V are 0.1, 0.16, 0.24 and 0.36g respectively. The Himalayan -Andaman belt and Kutch regions have intensities of IV and V. Koyna and Latur are assigned zone IV, while Narmada belt and Indo-Gangetic plane are having zone III. Rest of the Indian shield is assigned zone II.
Seismic Hazard Assessment and Microzonation
The Himalaya, north-eastern Indian region, AndamanNicobar island belt, Bhuj and Koyna regions are known to have been prone to earthquakes (Mw 7.0-8.0). Southern peninsula shield including Koyna, Latur and Son-Narmada region have also hosted less frequent and lower magnitude (Mw<=6.5) seismic events. The spatial structural diversity in India possesses the irregular damage pattern which can be observed by any large earthquakes (Kayal, 2008; Nayak, 2011) . While during 1980-1990 earthquake precursor studies were in forefront in global as well as in Indian scenario, in the beginning of the twentyfirst century the importance of microzonation studies to mitigate seismic hazards/risks has been on forefront. The Department of Science and Technology (DST) took initiative for microzonation studies in all the major metro cities in the country. Subsequently, MoES have embarked on the national-wide seismic mitigation program constituting a National Steering Committee in 2008 to provide guidance for seismic microzonation studies in cities and urban regions. Extensive work has been done by the GSI, IMD, CSIR-NGRI, IITs and by many other institutes. A joint effort was first made under a DST program for the Jabalpur city area under Indo-Italian collaboration in late 1998 after the 1997 damaging Jabalpur earthquake of Mw 6.0 in Son-Narmada zone (Rao et al., 2011) . Then a multidisciplinary joint project was formulated by the DST for microzonation of the Guwahati city area, the business hub of northeast Indian region, and a hazard microzonation atlas was prepared (Nath et al., 2008) . Numerical computations have also been done to prepare the hazard map of Indian shield and adjoining regions (Parvez et al., 2017; 2003) . On this basis, extensive work has been done to design earthquake resistance codes (e.g. Bansal, 2011) . A comprehensive guideline for scientists and engineers for plans on hazard and disaster risk reduction have also been formulated (Gupta, 2010) . Microzonations of many cities like Delhi, Bengaluru, Mumbai, Chandigarh, Dehradun, Gangtok, Agartala etc are done, and the job is continuing. Further, the CSIR-NGRI, ISR, IIT-R have done profound work on earthquake engineering, strong motion and seismic hazards. The Seismotectonic Atlas of India and adjoining region (GSI, 2000) has become a starting reference for seismic hazard microzonation studies.
Earthquake Source Characterization
Parameterizing the nature of earthquake sources enables an understanding of the physics of the source processes and seismic hazard. The key source parameters are seismic moment, stress drop, and corner frequency. Determination of these parameters is important for assessment of ground motion, aftershock patterns, and propagation of seismic waves. The initial work on source parameters of earthquakes associated with the Indian plate dates back to the early seventies, utilizing analog data. Tandon and Srivastava (1974) established a relation between the magnitudes of the after-shocks and the main-shocks based on the stress drop and average dislocation of a few earthquakes in India. Spectral analysis of body waves and source parameter estimation was performed by several workers earlier in a local scale in various parts of the Indian shield and Himalaya (Singh et al., 1979; Gupta and Singh, 1980; Gupta and Rambabu, 1993) . With the advent of broadband digital seismology, the research in this field has brought much impact in terms of our understanding of the seismogenesis (Mandal and Rastogi, 1998; Mandal and Dutta, 2011; Hazarika, P and Kumar, 2012; Baruah et al., 2016) in the entire subcontinent.
Aftershock Studies
Sometimes large aftershocks pose a substantial hazard to populated areas by causing more damage than the main shock. Its forecast and study, especially in urban areas is important. The main purpose of the aftershock survey is to decipher precise location and depth so the size and orientation of the fault plane that ruptured in the earthquake can be estimated. Therefore, in order to study the aftershock sequences, it is critical to deploy sufficient number of simultaneously operating sensors continuing for a few weeks -even up to several months, depending on the aftershock sequence activity. Aftershocks are an important source of information for understanding the mechanism of earthquakes, faulting associated with the main shock and the long-term redistribution of stress in the aftershock zone. It may also furnish information about the physical properties of materials in the crust and upper mantle.
Several strong earthquakes (Mw>=6) have occurred in India and its adjoining regions in the past two decades viz. 1991 Uttarkashi (Mw 6.6), 1999 Chamoli (Mw 6.3) (Rastogi, 2000) , 1993 Latur (Mw 6.3), 1997 Jabalpur (Mw 6.0) (e.g. Rao et al., 2002) , 2001 Bhuj (Mw 7.7) (e.g. Kayal et al., 2002; Mandal et al., 2004 Mandal et al., ), 2001 Andaman (Mw 6.5) (Kayal et al., 2004) , 2004 tsunamigenic Andaman-Sumatra (Mw 9.3) (Mishra et al., 2007a,b; Kashmir (Mw 7.6) (Rao et al., 2006) etc. In order to understand the seismogenesis, rupture and stress distribution several organizations (e.g. GSI, CSIR-NGRI, IMD, WIHG) monitored the aftershock sequences of these earthquakes. In addition to these, several other events such as 2009 Bhutan (Mw 6.3), 2011 Sikkim (Mw 6.9), 2016 Manipur (Mw 6.7) are also studied in context of aftershocks by various workers (e.g. Kayal et al., 2010; .
Reservoir Triggered Seismicity (RTS) -KoynaWarna Region
Reservoir Triggered Seismicity (RTS) is an anthropogenic effect observed in the vicinity of the few reservoirs globally such as Hsingfengkinag (China), Kariba (Zambia-Zimbabwe), Kremasta (Greece). In India, the first observation of seismicity was noticed in the vicinity of Koyna dam just after its impoundment in 1962 (Guha et al., 1968) . In order to monitor these earthquakes a close network of 4 stations were installed in the vicinity of the Koyna dam (Gupta et al., 1969) . The phenomenon successfully explains the observation of intra plate seismicity which corresponds to the impoundment of the reservoir. Another reservoir, Warna was created in 1985 and that too contributed to the RTS in the region. The seismicity occurs with a small region of 20 km X 30 km. In order to monitor the seismic activity, initially CSIR-NGRI took initiative to deploy first few broadband seismic stations, however at present the number has been increased to 23 surface broadband and 6 borehole broadband seismic stations (Fig. 2) . In the past few decades a number of new observations have been made regarding the source, processes and nature of seismicity in the region, such as the relation between the water level and occurrence of seismicity, difference between the normal earthquake and RTS (Gupta et al., 1972a,b; Gupta and Rastogi, 1974; Gupta, 1992; Rastogi et al., 1997; Talwani, 1997) . The variation in stress pattern based on the source mechanism studies , in situ pore pressure variations (Kumpel et al., 1991; ), co-seismic water level changes (Kalpana et al., 2010) etc. Recently, Kumar and Dixit (2017) presented a Vp and Vp/Vs tomographic images of the region using the seismicity data recorded at 4.5 Hz geophones. The results suggest that the intense seismic activities are clustered below the trap and localized in the space where there exist abrupt changes in Vp/Vs. The precise locations of the 436 N Srinivas and V M Tiwari hypocentres have been made by Srinagesh and Sarma (2005) in the Koyna-Warna region. Using the waveform inversion a precise determination of focal depths have been attempted using local seismic waveforms (Shashidhar et al., 2011) identified the Donachiwada fault is the causative source for the 1967 Koyna earthquake (Mw6.3). However, another view on the sustained seismicity in this region is due to the influence of fault zone geometry and their interaction (Gahalaut et al., 2004) .
A number of seismological studies have been carried out in this region to understand the source mechanism and structure, however, the triggering phenomenon of seismicity is poorly resolved. In this direction, to understand the role of fluid, pore pressure, loading and unloading of the reservoirs and source mechanism a major initiatives were taken by the MoES to drill deep boreholes in and around the region (Fig. 2) . The main advantage of borehole observation is the increased sensitivity due to the rapid decrease in noise wave intensity with depth, since the interference consists mainly of surface waves. Scientific deep drilling in the region has revealed that the Deccan trap has 932.5m thick and underlain by the basement rock (Roy et al., 2013) . The major science objectives and feasibility were discussed with the international community through ICDP workshops (Gupta and Nayak, 2011; Shashidhar et al., 2016) . The deployment of borehole seismic sensors is first of its kind in India. The high signal to noise ratio waveforms have the potential not only to detect the sub M1.0 seismic events but also can provide structural information with unprecedented resolution. The preliminary studies show that the absolute errors in locations of earthquake based on the borehole data ranges from 800 to 300m .
Nuclear Explosion Monitoring
Manmade explosion, such as nuclear explosion can cause ground shaking equivalent to an earthquake of Mw 4.5 or more. Detection of nuclear explosion and its location is an important task of the BARC. Detailed studies on the 1998 Pokhran explosions were studied by various researchers (Roy, et al., 1999; Douglas et al., 2001; Sikka et al., 1998; Gupta et al., 1999; Baruah et al., 2016) . The monitoring of such explosions also has implications for deciphering the tectonics in the stable continental regions and more importantly for verifying the compliance with CTBT. For these explosions, yields have been estimated. Spectral content has also been analyzed (Gupta et al., 1999) . Baruah et al. (2016) used Lg, Pn and Sn phases as discriminants for the explosion and natural earthquakes and further provides the yield which is consistent with that estimated by Sikka et al. (1998) .
Monitoring Earthquakes in Ocean, Tsunami and Alert System
The Indian Tsunami Early Warning System (ITEWS) is established at the Indian National Centre for Ocean Information Sciences (INCOIS), Hyderabad under the MoES. The ITEWS encompasses at present a real-time seismic monitoring network of 57 broadband seismic stations, 14 Global Navigation Satellite System (GNSS), a network of real-time sea-level sensors with 7 Bottom Pressure Recorders (BPR) in the open ocean and 35 reporting tide gauge stations (Fig. 3 ) at different coastal locations and a 24 x 7 operational tsunami warning centre to provide timely advisories to vulnerable community. The ITEWS at NCS is a nodal agency that retrieves real time data through a dedicated Real Time Seismic Monitoring Network. The seismological stations are equipped with a SAT For a magnitude of 3.5 can be located within 5-10 minutes of time. The end information regarding the earthquakes and further guidelines are disseminated to all concerned state and central government departments through short message service (SMS), fax, and/or e-mail. IndiaQuake is an application developed to provide this information to citizens in real time. Since its inception in October 2007 to till date, the ITEWS has monitored more than 350 earthquakes of M > 6.5 out of which about 70 are in the Indian Ocean region. The ITEWS also acts as one of the Regional Tsunami Advisory Service Provider along with Australia and Indonesia for the Indian Ocean region. (Rastogi and Mandal, 1999; Gupta, 2007) .
Forecast and Precursor Studies
In this direction some of the significant agencies or institute engaged are CSIR-NGRI, ISRGhandhinagar, IIT-Roorkey, GSI and CSIR-NEIST. IIT-Roorkey has done profound work on earthquake engineering, strong motion and hazard at various important project sites. ISR has done extensive woks in active fault mapping in Kutch, Gujarat regions. New seismic experiments have been launched in this direction including seismic microzonation vulnerability assessment for major cities. GSI has carried out intensive studies in hilly regions of Sikkim, Tripura, Arunachal and Jammu by maintaining broadband seismographs. Ministry of Earth Sciences, Govt of India started a separated flagship program for earthquake prediction as National Project on Earthquake Prediction in Indian and adjoining regions. 
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Paleo-seismological Studies
Historic records and instrumental data are not adequate to understand the seismogenic active faults and recurrence time of large earthquakes. Recurrence time of large magnitude earthquakes is assumed to be ~500 yrs in the active plate convergence region and ~1000 yrs in a SCR (Stable Continental Region). Our instrumental data with fairly well located events are hardly 100 yrs old to make any statistical study or what so ever to assess recurrence time of large earthquakes. In such a scenario, paleo-seismology is one of the most commonly adopted techniques towards identification and cataloging the historic and prehistoric earthquakes.
In this direction humble efforts have been initiated by the Indian seismologists in some parts of the active regions, like that in the Shillong plateau, Latur, Bhuj, Himalayas. In Shillong region good paleoseismic evidences like seismicity are found that give evidences of three large earthquakes with recurrence time of the order of 500 + 100 yrs (e.g. Rastogi et al., 1993; Sukhija et al., 1999) . In the 2001 Bhuj earthquake source zone evidences are observed for two previous earthquakes, ~4000 and ~ 9000 years ago respectively (Rajendran et al., 2008) . In the 1993 Latur earthquake zone the paleo-seismic investigation revealed a hidden fault that produced a similar strong event ~1000 yrs ago (Rajendran et al., 1996) . In the Kangra earthquake zone in western Himalaya, Malik et al. (2010) reported recurrence time of large earthquake is ~1100 yrs. Several research projects are supported by the MoES for Paleo-seismological studies in the Himalaya, northeast India and Andaman Nicobar islands, and the work in progress.
Study of Earth Structure
Indian Lithospheric Study
The Indian shield is a mosaic of diverse terrains bearing the imprints of various tectonic episodes in geological history from Archaean to the late Proterozoic eon. Knowledge about the crustal structure of the Indian sub-continent initially comes from several active seismic studies (e.g. Kaila and Krishna, 1992) . During eighties the passive seismic experiments changed the understanding of the Indian crust and mantle structures dramatically by adding a large number of data sets as well as developing new techniques. The passive seismological studies consist of (i) body wave studies of shallow earthquake (ii) surface wave studies. However, Gupta and Narain (1967) were the first to estimate crustal thickness in the Himalaya and Tibet Plateau region using surface wave dispersion. This result provided a better understanding of the Indian plate in terms of the collision dynamics with Tibetan and Eurasian plates. Their finding of an enormously thick crust (65 to 70 km) characterized by low shear wave velocities has been confirmed by recent investigations using sophisticated frequency time analysis technique, body wave and active seismics. Rayleigh wave attenuation studies suggest that the lowermost part of the crust beneath the Tibet Plateau is partially molten and uplift has been caused by horizontal compression. Another intriguing conclusion of their study was the shield-like upper mantle velocity structure exists below the IndoGangetic Plains IGP). Recently, CSIR-NGRI deploy 10 broadband seismic stations in IGP and investigated the thickness of sedimentay layer using converted wave technique (Srinivas et al., 2013) .
With the advent of receiver-function technique utilizing the converted waves from a discontinuity proved to be a robust tool to map the crust and mantle structures. The compilation of all the results available for the crustal parameters as derived only by the converted wave techniuqe for the Indian shiled are depicted in Figure 4 . It has been observed that the crustal thickness varies with the geological provinces in the India shield. The average crustal thickness (~35 km) of the Eastern Dharwar Craton (EDC) is less compared to that of the Western Dharwar Craton (WDC) (~45 km) (Ravi Kumar et al., 2001) . But the western Dharwar Craton shows a complex geology and gradational transition from crust to down Moho (Sarkar et al., 2003) . The velocity of the WDC (V s 3.73 km/s) is higher than that of the EDC (V s ~3.71 km/s). presented a comprehensive picture of the Indian and Himalayan crust by analysing data from a large number of stations thus filling the existing gaps in velocity models. The crust of the DVP is classified as more felsic-tointermediate in nature (Ravi Kumar et al., 2001) . The major features of the study are -the EDC has thinner and simple crust compared to that of the WDC, the crust in the Himalaya region has thicker than that of the continental shield region, rift zones, such as Narmada-Son lineaments, Godavari and Mahanadi have thicker crust compared to its surroundings. Evaluation of crustal and upper mantle structures of the eastern Indian shield has been made using seismological data recorded by the broadband station at the IIT-ISM, Dhanbad (Kayal et al., 2011) . However, the mechanisms through which the Achaean continental crust evolved are debatable. The end member models advocate horizontal accretion of island arcs or vertical accretion due to differentiation of magmatic material above hotspots. Also, there is no consensus on the processes that govern secular change in the character of the crust in Arching, as revealed by the seismological and petrological data. In order to address these key issues, Haldar et al. (2018) used converted wave data to extract the bulk crustal properties of the Indian cartons. They suggested that soon after its formation, the crust has been gradually altered, making it mafic-to-intermediate in bulk composition. Further, they proposed that the crust formation prevails at much higher temperatures predominantly through vertical accretion initially and then by slab melting -elucidating the secular evolution and alteration of the Archaean crust in India.
In order to understand the crust and lithosphere a number of theoretical works have also been done. Some of the notable contributions are the development of a method for iterative rotation of three-component of seismograms to isolate P-SV-SH wave-fields for computation of P-and S-receiver functions (Kumar et al., 2005; . Recently, a technique to estimate the shear-wave velocity contrast across an interface using the P-to-s transmitted wave amplitudes has been proposed that incorporate the effects of anisotropy and dip of the medium (Kumar et al., 2014; Kumar, 2015) . The extraction of green's function using auto and cross spectra to determined the reflection (Ravi Kumar and Bostock, 2006) response demonstrate the use of back scattered filed instead of forward response. The extraction of absolute P-wave velocity using converted wave data (Ravi Kumar and Bostock, 2008) is also an important forward step.
Indian Lithosphere
Amongst the various Gondwana fragments, the Indian plate assumes a unique place as it has been ravaged by three major plumes as soon as it separated ~180 My ago from the Super-continent Gondwanaland comprising Australia, Africa, Antarctica and south America. During this process, the Indian tectonic plate lost most of its lithospheric mass and became thin vis-a-vis its counterparts. Kumar et al. (2007) using state-of-the-art technique termed as S-to-p converted waves, first time imaged the Indian tectonic plate and suggested that the thickness of the Indian plate varies 
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between ~70 and ~140 km with an average thickness of ~100 km. They further, argued that the rapidly northward drifting (~18-20cm/yr) of the Indian plate could be due to its being thin (Fig. 5) . The detail mapping of the thickness of the Indian plate has the potential to answer some of the fundamental questions regarding the post-collisional effect on the Indian plate. They observed the flexure nature of the Indian tectonic plate cased due to the hard collision with the Asian plate along the Himalayan arc as also observed by geodetic observations. The receiver function analysis has been further supplemented by the analysis of the vertical components of observed seismograms without using deconvolution (i.e. plain summation ) consisting of back scattered reflected phases.
Such values are more or less consistent with the depths determined from surface wave dispersion studies (Suresh et al., 2008; Bhattacharya et al., 2009) , where the thickness of Indian lithosphere has been reported to be ~80-~155 km thick. The earlier tomographic image also shows that among the various depth extents of the cratons, India is only ~100km (Polet and Anderson, 1995) . A Geoscope station located at Hyderabad (HYB) shows a similar depth value for the lithosphere below the Indian shield using P-to-s conversions (Rychert & Shearer, 2009; Bodin et al., 2014) . However, the tomographic images by Maurya et al. (2016) showed quite distinct lithospheric thickness for the entire Indian shield. However, their values in southern granulitic terrain, eastern Dharwar are in agreement with the other observations, but for other cratons there exist significant differences with their values lie between 160 and 200 km. The relative amplitudes of the LAB phases lie between ~2% and 5% with the shear contrast getting reduced for regions of thicker or bulged lithospheric regions.
The conversion from 410-and 660-km discontinuities have also been observed beneath large part of the Indian shield and interpreted in terms of phase transformation in the mantle from olivine to spinel and from spinel-structured gamma phase to perovskite-structured magnesiowüstite (e.g. Duffy and Anderson, 1989) respectively. These phases are in a state of equilibrium and governed by the temperature-pressure conditions at these depths. This is controlled by the Clapeyron slope. The sign of the Clapeyron slope described the nature of discontinuity i.e. positive and negative for the 410 and 660 km discontinuities respectively (e.g., Bina and Helffrich, 1994) . Thus, the respective locations of these discontinuities can directly be interpreted in terms of the temperature in the upper mantle. For example, for temperatures in excess of <"200ae%C, the separation between these discontinuities can be reduced by <"20-30 km (Helffrich, 2000) . Further, the conversion times of P-to-s from upper mantle discontinuities also depend on the average shear velocity in the upper mantle, i.e. any discrepancies in these timings with respect to the global average are related to the velocity perturbation in the upper-most mantle. Any delays in these phases might also indicate the lower average velocity in the upper mantle implying a thinner mantle lid and/or higher temperature of the oceanic lithosphere as compared to the continental mantle, corroborated by the LithosphereAsthenosphere Boundary at shallower depths. Mantle transition zone (MTZ) structure beneath the Indian shield region has been investigated using a large number of data. The delays observed in the conversions from the 410-km discontinuity below the Indian shield suggest low shear wave speeds in the lithospheric and sub-lithospheric mantles and that could be due to the higher temperatures (Ravi in the mantle, together with a thinner high velocity mantle-lid that contrasts with a thicker one found beneath most of the Archaean cratons.
The birefringence studies of the Indian lithosphere using core refracted shear waves have been attempted by few researchers. The anisotropy study using splitting is an important step forward to understand the continental scale mantle deformation pattern and signatures of rifts in the Indian plate. Based on the core refracted shear waves, it is suggested that there exist two layers of anisotropy beneath the Indian shield (Ravi Saikia et al., 2010) . A comprehensive analysis of core refracted shear waves (SKS, SKKS etc) data from the Indian stations reveal the anisotrpy in the D" possibly related to the presence of slab material in the outer core (Roy et al., 2014) .
Evaluation of crustal and upper mantle structures of the eastern Indian shield has been made using seismological data recorded by the broadband stations (Kayal et al., 2011) . The estimation of coda-Q variations in the Kuchchh Rift Basin (KRB) and eastern Indian shield have also been attempted to understand its seismotectonic implications (Mandal, 2007; Khan et al., 2011a) .
Himalayan Region
This region is characterized by the convergence of the Indian plate against the Asian plate and bounded by the western and eastern syntaxes. In the recent past the region has experienced quite a few M~8 earthquakes and frequent small to moderate earthquakes. The relative northward drift of the Indian plate resulted in the onset of continental collision with Asian plate that produced extensive lithospheric deformation, producing one of the world's largest elevated regions, the Tibetan plateau and the great Himalayan Mountain ranges. The Plateau was created by the collision which began ~50My ago and possibly merging one or several terrains in between. To understand the fate of the colliding Indian and Asian tectonic plates below the high Tibetan Plateau, mapping of deeper seismic structures i.e. the crustmantle boundary (Moho), the lithosphereasthenosphere boundary (LAB), or the discontinuities at 410-and 660-km depths are of utmost importance.
In this direction CSIR-NGRI's contribution is of paramount important. WIHG, GSI and NEIST too contributed in our understanding of the Himalayan tectonics through the deployments of dense seismological networks in eastern and western Himalayan regions. In the eastern Himalaya, a semipermanent CSRI-NGRI network of 11 broadband seismic stations revealed crustal geometry and presence of anisotropic layers below Sikkim Himalaya that could be helpful in understanding of the genesis of seismicity in the region. They showed that the Indian plate is under thrusting beneath the Tibetan and there is a significant change in the slope of the Indian Moho where the occurrences of large earthquakes are observed. In the eastern syntaxis zone, receiver function and shear wave modelling revealed azimuthally varying crustal structure with a northeast dipping Moho Tidding Suture. Compared to an overall thickness of >70 km in the northwest and central Himalayas, the crust across the Tidding Suture is only about 55 km thick (Hazarika, D., et al., 2012) . The data from the same experiment provide a detail attenuation characteristics of seismic waves in the region (Hazarika P., et al., 2013) . Srinagesh et al. (2018) carefully analysed the 2017 Guptkashi earthquake of Mw 5.3 for source parameters and suggested that such analysis could be useful to characterize the ground motion during future events. studied the Gorkha earthquake sequence and designed the ground motion prediction equations which should be more reliable than the existing one.
In the western and central Himalaya, since the last decade, we have seen a number of ongoing international efforts to deploy large number of seismometers in the Himalayan-Tibetan region in order to decipher the deeper seismic structure with unprecedented details. In 1991, recording of earthquakes with broadband seismometers began on the Tibetan Plateau under Sino-American Tibetan Plateau broadband experiment till 1992 (Owens et al. 1993) , in 1992 the Sino-French group began temporary passive source projects on the plateau with an experiment from the Lesser Himalaya in Nepal to the Qiangtang terrane (Hirn et al., 1995) . This group continued with experiments in 1993 in the Qiangtang terrane to the Qaidam basin (Herquel et al., 1995) . Data sets from Himalayan and Tibetan region from various international collaborations, a detail imaging of the Indian and Asian lithospheres has been presented along the arc of the Himalaya. Using both
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the converted waves viz., P-to-s and S-to-p, the subduction of the Indian plate is well established. However, the relationship between the Tibetan and Asian plate is more complicated. The main results of the various seismic field campaigns in Tibet can be summarized as follows:
In the western most part the Indian plate is observed beneath the Karakoram dipping from ~130 km to ~170 km towards north. The Asian plate is sub-ducted till ~270 km depth (Kumar et al., 2005) . The Asian plate beneath Tien-Shan varies between 90 and 120 km and is 160 km beneath Tarim basin. The Indian plate progressively deepens from 120 km to ~200 km in the central Tibet. Further north, the Asian plate is seen at a shallower depth of ~150 km Zhao et al., 2010) . This indicates that the north-western boundary of Tibet demarcates the lithosphere and supports deformation by strikeslip faulting. In the recent times, with the availability of seismological data from INDEPTH4, (Zhao et al., 2011) presented a unified seismic image till upper mantle using the data from INDEPTH2 & 3, PASCAL, LHASA, and IRIS stations. The result is interesting in a sense that they observed Tibetan and Asian plates separately. The Tibetan lithosphere is overriding the Asian lithosphere as India-Eurasia convergence is accommodated in the northern Tibet. This essentially signifies the presence of a micro plate below Tibet. The geometry of the Indian and Asian plate collision may also explain the difference in surface topography between west and east Tibet.
Burmese Arc
The Burmese arc lies on the eastern margin of the Indian plate and has been referred to as an active subduction zone. The geophysical and geological studies confirm that the Indian plate subducted eastwards (Verma et al., 1976; Mukhopadhyay, 1984; Gupta and Bhatia, 1986; Gupta et al., 1990 ) below the Burmese plate -an example for the continentalcontinental subduction system. The intriguing fact about it is that whether this subduction system is still active or not (Satyabala, 1998) . The focal mechanisms of the seismic events in this region show an interesting scenario. The Burmese arc region is only one of its kind in the world, where there is an eastward subduction of the Indian plate, however, the direction of plate motion is nearly perpendicular to the down dip direction. Ni et al. (1989) and Rao & Kumar (1999) suggest that the Indian plate, along with the subducted plate in the east, shears slab past the Burmese plate in the NNE direction. The stress inversion of the focal mechanism data reveals an entirely interesting fact about the subducting slab. The upper part of the slab experiences horizontal tectonic forces, while, the lower part of the slab is controlled by the gravitational loading (Rao and Kalpana, 2005) . It was further suggested that the Indian slab experienced resistance at 410 km discontinuity, that resulted in overturning of the slab (Fig. 6) . Subsequently, the subduction terminated by slow sinking of the overturned slab leading to its detachment manifested as reverse faulting mechanism. However, based on the waveform modeling it has been argued that the deformation in Burmese arc is mostly accommodated by northward slivering of the eastward subducted Indian lithosphere (Singh A. P. et al., 2017) . Significant work has been done with imaging of the detail lithospheric architecture of the subducting slab using stat-of-the-art tool, S-to-p receiver functions (Uma et al., 2011) . This study presents first results of the collision geometry of the Indian and Asian plates in the eastern Himalayan region from Indian side of the Himalaya. The interesting observations of the lithospheric upwelling below the Shillong plateau suggest that the uplift of the plateau is confined to the lithospheric level. The subduction of the Indian plate beneath the Burmese plate has been mapped to a depth of ~200 km depth (Uma et al., 2011) .
Andaman-Nicobar Islands
Seismological studies in the Indian Ocean intensified after the occurrence of a large earthquake on 26 th Dec, 2004 of Mw9-9.3 in Indonesia that caused Tsunami in the Indian Ocean. Seismological studies in the Andaman-Nicobar islands started with an aftershock investigation deploying a four-station digital network in Andaman immediately after the 2002 Andaman sea earthquake Mw 6.5 (Kayal et al., 2004) , that delineated northeast-dipping oblique subduction in north Andaman Sea basin. As a part of the earthquake monitoring 11 stations were installed in the islands of Andaman and Nicobar. The region has a complex tectonic setting and plays an important role in shaping the geodynamics of the oceanic plate. The mega event of 2004 provides a gross seismotectonics of the region (Dasgupta et al., 2007' Mishra et al., 2007a, and . With the increase number of data, more research works based on attenuation of seismic waves in this region have been reported (Padhy et al., 2011; . Based on the mechanism studies several zones have been demarcated for future possible sites for impending large earthquakes (Ghosh and Mishra, 2008) . Further, the erratic trend of aftershocks revealed intricate pattern of seismogenesis that provided heterogeneity of the region (Mishra et al., 2007a, b; Ghosh and Mishra, 2008) . Khan (2011b) studied the unbalance of the subducting slab based on the moment calculation. Quite a number of works have been conducted to understand the fault disposition, rifting mechanism and subduction tectonics based on the seismicity disposition (Mukhopadhyay et al., 2010; Rajendran et al., 2011) . Crustal structure has been presented using the ambient noise and converted wave technique in this region by Gupta, S., et al (2016) . However, a detail crustal and lithospheric structures have been imaged , where the down-going of the Indian oceanic plate below the Andaman arc suffers deformation and lithospheric tearing possibly due to the dehydration of the slab (Mishra et al., 2011) . Such an intriguing feature of slab tear has never been imaged using such high resolution.
In addition to the Andaman region, scientist from CSIR-NGRI also collaborated internationally and provided a model for asthenosphere based on the exclusive bore-hole broadband ocean bottom seismological (BBOBS) observatory data from Pacific and Philippine Sea Plates that explains successfully other geophysical observations. First time they have reported the nature of pure oceanic plates (Kawakatsu et al., 2009) and the detailed seismological evidence of the variation of thickness of oceanic plate with its age using high resolution data (Kumar and Kawakatsu, 2011) .
Deciphering the seismic character of the young lithosphere near mid-oceanic ridges (MORs) is a challenging endeavour. Haldar et al. (2014) studied the hitherto elusive crust, lithospheric-asthenosphere boundary and upper mantle discontinuity near the midoceanic ridges using global seismological data. This was an interesting study that showed the nature of lithosphere near ridges first time and provided plausible geodynamic implications. In this study the seismic structure of the oceanic plate near the MORs is determined using the P-to-S conversions isolated from quality data recorded at five broadband seismological stations situated on ocean islands in their vicinity. Estimates of the crustal and lithospheric thickness values from waveform inversion of the P-receiver function stacks at individual stations reveal that the Moho depth varies between ~ 10 ± 1 km and ~ 20 ± 1 km with the depths of the LAB varying betweeñ 40 ± 4 and ~ 65 ± 7 km. Evidence for an additional low-velocity layer is found below the expected LAB depths at stations on Ascension, São Jorge and Easter islands which probably relates to the presence of a hot spot corresponding to a magma chamber. Further, thinning of the upper mantle transition zone suggests a hotter mantle transition zone due to the possible presence of plumes in the mantle beneath the stations.
Public Outreach Programs
In the last decades there has been a substantial increase in engineering seismologists in India. Not only the prominent national institute practicing seismology but also a number of universities also started geophysical, a separate full-fledged discipline and embarked on the seismological projects. Institutes like NCS, MoES, NDMA, ISR and WIHG share their data through the websites to the public about the In addition, CSIR-NGRI also invites school children frequently and allows them to visit the laboratory with direct interaction with the scientists. This provides a broad perspective of the ever changing scenario in the field of seismology in the country.
Indian Antarctic Program
National Centre for Antarctic and Ocean Research (NCAOR) under MoES has been setup with the responsibilities for the country's research activities in the polar and Southern Ocean realms. CSIR-NGRI took the responsibility to install and maintain seismological station in the second base station Maitri in icy continent Antarctica. The data thus generated provide important clues to our understanding about the geodynamics, seismicity and structure of the continent. The data also serves an excellent supplement to that gathered by International effort. The analysis of the seismological waveforms suggest that the average crust in east Antarctica is about 40 km and also there is an effort to monitor the seismicity using the seismological stations (Malaimani et al., 2008) . Recently, Gupta S. et al. (2017) used the seismological waveforms to compute the 1D crustal shear wave velocity profile below station Maitri. Another important finding came from the GPS study is the movement of the site with a velocity of 4.6 mm/ yr northward (Ghavri et al., 2015) .
Future Plans
Microzonation and Early Warning System
The seismological studies in India primarily focused on understanding the seismological processes, hazard mitigation and deep interior of the earth. These investigations identified active faults and earthquake risk zones fairly well. In recent times, it has been seen that frequent occurrence of seismic events in Himalaya, Andaman-Nicobar and plate interior posses serious threat to a large number of population especially the populated cities clustered in and around the thick sedimentary basin of Indo-Gangetic plain which lies in the vicinity of the Himalayan plate boundary. The threat due to the hazard is increasing due to the increase in population and also practice of making shoddy construction especially in the vulnerable regions. In this direction a major efforts have been already been made in India to carry out microzonation, however, it should be intensify in other cities those are situated in the Himalayan belt and Indo-Gangetic basins.
The second aspect is implementation of Earthquake Early Warning system near the most vulnerable areas of the country. In this direction a small step has been taken, however, an inexpensive prototype instrumentation should be developed and implemented. Further, GIS based intelligent earthquake hazard maps should also be a priority and that should be available in website just after the earthquake. MoES is providing shake maps soon after significant earthquakes. However, web-site should be accessible to anyone for all magnitudes. Such maps will be useful to the authorities involved in rescue and planning operation. This can be achieved through the monitoring of seismic activity all through the day using dense seismographs network. As soon as an earthquake occurs in and around the Indian plate, the seismic data should be quickly analyzed to estimate the hypocenter and magnitude. A number of tasks such as discrimination of earthquake, P-onset detection, hypocenter determination and so forth should be performed by fully automatic procedure.
Oceanic Plate
Indian plate is surrounded by oceans from three sides. We have not fully ventured into the ocean seismology as we did in continental region. The oceans are now the rich sources of conventional and non-conventional energy (hydrocarbon, gas hydrates etc.) and minerals. Geodynamically, oceanic plate is simple in nature as it originates from mid-oceanic ridge and destroyed along the trenches with shorter life span compared to the continental crust which survived billions of years. However, Indian oceanic plate particularly is complex, as it hosts a number of enigmatic features such as 90E ridge, oblique subduction along the Andaman trench, presence of Laccadive ridge, world's lowest geoid low, has a history of fast motion in cretaceous, ravaged by major plumes etc. Further, delineation the structure of the oceanic crust and uppermost mantle is essential for our understanding of the plate tectonics. Not much informations are available in this direction, mainly due to the paucity of the data from this region. However, few attempts have been made in deciphering the structure in Pacific and Atlantic regions by deploying passive ocean bottom seismometers.
The second aspect is to understand of the Andaman-Nicobar subduction system. We have two places Andaman and Makran, where major earthquakes have already been reported and ensuing tsunamis that caused loss of lives and damage to property in the coastal regions. Andaman is a complex region where we have a wide variation of crustal age (50-80Ma), variations in convergence rate along the arc. Some of the fundamental issues are still in debate such as slow ruptures speed, role of fluid in the subduction process, arc parallel volcanisms, different convergence rate along the arc etc. The lack of data leads to the poor understanding of the seismogenesis and geodynamic processes. In this regard, out attempt now should be towards the exploration of deep ocean by deploying more ocean bottom seismometers. Such attempts not only boost the already existing tsunami facility of India but also help to understand the geodynamic and resource aspects of the oceanic lithosphere.
Slow Slip Earthquakes
A slow slip events are episodic that releases energy over a period of hours to month, unlike the typical earthquakes. Most of the slow events are now understood to be accompanied by fluid flow and tremor related and can be detected in seismometers in the typical frequency range of 1 and 10 Hz, which is lower than that of the same sized normal earthquakes. Such tremor activities are reported in Japanese and Cascadia subduction zones. These tremors and slow slip are thought to represent the condition of the plate boundary and stress accumulation of the locked zone. It would be a challenging task to detect such type of phenomenon in Himalaya and Andaman-Nicobar trench.
Based on the historical earthquake data and inferred rupture extent of great earthquakes, it has been suggested that some segments of the detachment under the Himalayan arc have not experienced major and great earthquakes in the past 100 years or so and falls in the seismic gap. However, it is quite likely that the presence of creep in such segments may enable the seismic gap to ever be filled. In such cases the observations, monitoring and modeling of the slow slip events especially in the Himalayan region would be important to understand the seismogenesis and loading processes in these active regions.
